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Ligands of the transforming growth factor-beta (TGF-beta) superfamily are involved in numerous developmental and disease processes.
TGF-beta, activins, and nodal ligands operate through the highly homologous Smad2 and Smad3 intracellular mediators. Smad2 mutants
exhibit early embryonic lethality, while Smad3 mutants are viable, but show a plethora of postnatal phenotypes, including immune
dysfunction and skeletal abnormalities. Previously, we have shown that the Smad2 and Smad3 genes function cooperatively during liver
morphogenesis. Here we show that Smad2 and Smad3 are required at a full dosage for normal embryonic development. Animals lacking one
allele of each gene exhibit a variably penetrant phenotype in which structures in the anterior and ventral midline are reduced or lost;
additionally, we demonstrate that this craniofacial defect and the previously reported hepatic phenotypes are both due to defects in the
definitive endoderm. A reduction of endodermal gene expression as well as a failure to displace the visceral endoderm occurs despite the
formation of a normal foregut pocket. This precedes any defects in anterior patterning and likely causes the abnormalities observed in
craniofacial and midline development, as well as hepatogenesis.
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Introduction rise to any embryonic structures, but plays an important partThe endoderm is one of the primary germ layers formed
during gastrulation and as such lines the gut and associated
organs. Its development is of pivotal importance during
organogenesis, as thousands of children are born every year
with gastrointestinal malformations, and tissues of endoder-
mal origin are the most frequent sites of neoplasias. Even so,
the mechanisms underlying endodermal determination and
differentiation are still quite enigmatic.
Murine embryos are ensconced within the visceral endo-
derm, which is an extraembryonic cell type that does not give0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: weinstein.41@osu.edu (M. Weinstein).in patterning the embryo. In mice, the definitive endoderm is
formed during gastrulation around day 6 of development,
and by day 7 comprises a layer of cells lying outside the
embryo. Morphogenic movements between day 7 and day
8 bring it within the embryo, and by day 9 of development
the endoderm forms a closed tube. During organogenesis, the
endoderm is regionalized under instructive cues from other
embryonic structures to form the alimentary canal and its
associated organs, including the thyroid, liver, lungs, and
pancreas (reviewed in Stainier, 2002).
Nodal, a ligand of the transforming growth factor-beta
(TGF-beta) superfamily, appears to play a crucial role
during endodermal development. Nodal is expressed at the
node, the murine organizing center, and embryos lacking
Nodal fail to gastrulate, differentiate mesoderm, or form
definitive endoderm (Zhou et al., 1993). A hypomorphic
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decreased Nodal signaling leads to defects in endodermal
formation, and endodermal development is more sensitive to
attenuation in Nodal signaling than mesodermal differenti-
ation (Lowe et al., 2001). In addition, mutants lacking
Cripto, an essential Nodal associated factor, also lack
definitive endoderm (Ding et al., 1998).
Studies in other vertebrate model systems have also
underlined the importance of Nodal signaling to endodermal
development. Zebrafish mutants lacking the Nodal homo-
logs Cyclops and Squint fail to differentiate endoderm (Feld-
man et al., 1998), as do embryos lacking the Cripto homolog
one-eyed pinhead (Gritsman et al., 1999; Zhang et al., 1998).
Indeed, enforced TGF-beta signaling in zebrafish embryos,
accomplished through expression of a constitutively active
TGF-beta receptor, is sufficient to drive embryonic cells
toward an endodermal fate (Alexander and Stainier, 1999).
Ligands of the TGF-beta superfamily transmit their sig-
nals through a conserved set of intermediaries, the Smad
proteins. The TGF-beta receptors form a heterodimeric com-
plex that phosphorylates the receptor-activated Smads (e.g.,
Smad2 and Smad3) at the conserved SSXS motif in the C-
terminal MH2 domain, which then associate with Smad4 and
translocate to the nucleus. These Smad proteins can then
activate or repress transcription of target genes, depending on
the available collection of transcriptional cofactors, such as
the forkhead transcriptional activator FoxH1 (reviewed in
Attisano and Wrana, 2002). Nodal transmits its signals
through Smad2 and Smad3 (Kumar et al., 2001). Smad2 is
essential for mammalian development, as Smad2mutants die
early during development and fail to form endoderm (Hama-
moto et al., 2002; Heyer et al., 1999; Nomura and Li, 1998;
Waldrip et al., 1998; Weinstein et al., 1998). Hypomorphic
Smad2 mutants exhibit defects in formation of the foregut
(Vivian et al., 2002), Smad2-deficient ES cells fail to con-
tribute to the hindgut in a chimeric analysis (Tremblay et al.,
2000), and deletion of Smad2 in an embryonic-specific
fashion causes the failure of endodermal development (Vin-
cent et al., 2003). Mice that lack the highly homologous
Smad3 are viable, but exhibit several phenotypes including
immune dysfunction, osteoarthritis, and accelerated wound
healing (Datto et al., 1999; Yang et al., 1999; Zhu et al.,
1998). Smad2 and Smad3 function cooperatively during liver
development as demonstrated by the fact that double hetero-
zygotes exhibit abnormal hepatogenesis due to a failure of
hepatocytic cell adhesion (Weinstein et al., 2001).
Here we demonstrate that both Smad2 and Smad3 are
required at full dosage for normal embryonic patterning.
Animals lacking one allele of each gene exhibit a variably
penetrant and expressive phenotype in which they display
craniofacial and midline defects ranging from mild holo-
prosencephaly (HPE) to severe midline defects that com-
promise cardiogenesis and lead to early embryonic lethality.
Other embryos exhibit a defect in which the endoderm fails
to populate the liver bud, leading to hepatogenic failure. We
demonstrate here that these phenotypes are due to defects inthe definitive endoderm. We have uncovered a deficit in
endodermal gene expression as well as a failure of the
definitive endoderm to displace the visceral endoderm. This
endodermal failure, which occurs despite the formation of a
normal foregut pocket, precedes and likely causes the
abnormalities seen in craniofacial and midline patterning,
as well as the hepatogenic defects.Materials and methods
Generation of homozygous ES cells
To create a targeting vector that disrupts the second allele
of Smad2 in Smad2+/DC ES cells, a derivative of pPNT
(Tybulewicz et al., 1991) was created with a hygromycin
resistance cassette in place of neo. The targeting vector was
then assembled in the same way as the neo targeting vector
(Weinstein et al., 1998). Electroporation and selection were
performed by standard procedures. Genomic DNA extracted
from ES colonies was digested with HindIII and SalI
(Roche), run overnight on 0.7% agarose gels, and trans-
ferred to nitrocellulose filters (Hybond) via vacuum transfer
using a Vacugene pump vacuum apparatus (Pharmacia).
Probes were labeled using a random primer labeling kit
(Roche). Hybridizations were performed using standard
procedures, and blots were exposed to Biomax MR film
(Kodak).
Western blot
Wild-type TC1 ES cells, Smad2+/DC, and Smad2DC/DCHyg
were passaged three times in the absence of murine embry-
onic fibroblasts in ES medium. Protein lysates were pre-
pared by lysing cells in buffer (10 mM Tris pH 8.0, 1 mM
EDTA, 0.1% Tween 20 with protease inhibitors [Roche]).
Lysates were then run on 8% PAGE gels and transferred to
nitrocellulose using a Bio-Rad protein gel apparatus accord-
ing to the manufacturer’s directions. Blots were probed with
a mouse monoclonal antibody against Smad2/3 that recog-
nizes the linker domain (Transduction Labs), washed,
probed with an anti-mouse antibody coupled to alkaline
phosphatase (Roche), and detected by chemiluminescence
using a kit from Amersham.
Embryonic analysis
Smad2+/DC and Smad3+/ mice were maintained on a
mixed background of 50% 129SvEv and 50% NIH Black
Swiss. Embryos were dissected free of maternal tissues in
1 PBS and genotyped for Smad2 and Smad3 alleles as
described (Weinstein et al., 1998; Yang et al., 1999) using
genomic DNA extracted from yolk sac or embryonic tissues.
Whole mount in situ hybridization was performed as de-
scribed (Hogan et al., 1994) using the following probes:
Otx2 (Boncinelli et al., 1993), Fgf8 (Crossley and Martin,
Y. Liu et al. / Developmental Biology 270 (2004) 411–426 4131995), Shh (Echelard et al., 1993), and Foxa2 (Lai et al.,
1991). Probes for Hnf4, Afp, and Hex were amplified from
E13.5 liver cDNA using the following primer pairs: Hnf4,
5V-TTCTGCGAACTCCTTCTGGATG-3V and 5V-GCTTC-
TTGCTTGGTGATCGTTG-3V; Afp, 5V-AAGAAGACTGC-
TCCGGCCTC-3V and 5V-AGTGCCTGGCTCTCCTCGAT-
3V; Hex, 5V-CCCTTCTACATCGACGACATCTTG-3V and
5V-ACACTGCGAACGATCCAAAGAG-3V. After PCR am-
plification, probes were cloned into the RV site of pBluescript
KS (Stratagene). The Albumin probe was a kind gift of Jim
Wells of the Cincinnati Childrens Hospital. Preparation of
histological sections was performed by standard procedures.
For the analysis on the A/J strain background, A/J males
(Jackson labs) were bred with Smad2+/DC and Smad3+/
females. Offspring were genotyped for Smad2 and Smad3
alleles, and animals testing positive for Smad mutations
were backcrossed to their A/J fathers for five or six
generations for Smad2 and 10 generations for Smad3.
Xenopus embryo manipulations
Eggs were fertilized in vitro and reared in 0.1Modified
Barth’s Saline (MBS). Microinjections were performed in
1 MBS, 4% ficoll. Embryos were injected in each of the
four vegetal blastomeres at the eight cell stage with 1.5 ng
of synthetic mRNA encoding either wt murine Smad2 or the
dominant negative Smad2S/A. At mid-gastrula, stage 11,
embryos were frozen and subjected to RT-PCR as previous-
ly described (Wilson and Melton, 1994) except that SYBR
green was added to the reactions and amplification was
monitored in real time with an Opticon PCR machine (MJ
Research). For each experiment, a serial dilution of whole
embryo cDNA was used to generate a standard curve from
which the amount of product in the experimental samples
was determined at the log-linear amplification phase. The
data for each sample are normalized to the total amount of
RNA in that sample by comparing it to the expression level
of the ubiquitously expressed gene ornathine decarboxylase
(ODC) that was used as a loading control as previously
described (Xanthos et al., 2002). The data in the histograph
are presented as a ratio of ODC expression. Each point in
the analysis represents the results of three pooled embryos
done in duplicate. The experiment was done twice.Results
The Smad2DC allele results in a lack of Smad2 protein
The Smad2DC allele was designed to use a neomycin
cassette to replace exon 10 and part of exon 11, which
together encode for 87 amino acids of the Smad2 MH2
domain (Weinstein et al., 1998). To examine the effects of
Smad2DC allele on Smad2 protein expression, Smad2DC/DC
ES cells were generated. Smad2+/DC ES cells were electro-
porated with a targeting vector in which the Smad2DCmutation was introduced with a hygromycin cassette (Fig.
1A). ES cells that were resistant to hygromycin and gancy-
clovir were isolated, and Southern analysis using the flank-
ing probe (Fig. 1A) revealed two clones that had undergone
homologous recombination at the remaining wild-type
Smad2 allele (Fig. 1B). Western blots showed that
Smad2DC/DCHyg cells had no detectable level of Smad2
protein or any truncated product (which, if existing, would
be around 47 kDa, Fig. 1C), suggesting that the Smad2DC
mutation results in a null allele. Other groups have shown
that disruption of Smad2 results in a haploinsufficiency
phenotype in which some embryos exhibited gastrulation
defects, while others showed craniofacial abnormalities
(Hamamoto et al., 2002; Nomura and Li, 1998). Our recent
analysis showed that in crosses involving Smad2+/DC mice,
the Smad2+/DC mutation resulted in embryonic abnormali-
ties in 10 out of the 208 Smad2+/DC embryos examined
(Fig. 1D). To further characterize the external embryonic
tissues seen in these abnormal Smad2+/DC embryos,
marker analysis has been performed with Otx2. The
presence of Otx2 signal in the anterior of these embryos,
albeit weak (Fig. 1E), suggested that in these embryos the
A–P axis is specified. Similarly, analysis of Sonic hedge-
hog (Shh) expression suggested the presence of axial
midline tissue in the mutants (Fig. 1F). A similar pheno-
type has been seen in mutants with decreased Nodal
expression (Norris et al., 2002) and has been attributed
to gastrulation defects.
Smad2+/DC;Smad3+/ embryos exhibit craniofacial defects
We have previously reported the lethality of Smad2+/DC;
Smad3+/ embryos due to hepatic dysplasia by E14.5 (Wein-
stein et al., 2001). Detailed examination of embryos from
Smad2+/DC and Smad3+/ crosses revealed that Smad2+/DC;
Smad3+/ embryos can be recovered at a normal Mendelian
ratio through E10.5 (Table 1). However, 54 out of the 106
Smad2+/DC;Smad3+/ embryos examined at E9.5–E10.5
displayed patterning abnormalities of varying severity
(Table 1). Notably, in Smad2+/DC and Smad3+/ crosses,
Smad2+/DC;Smad3+/ embryos that appear with gastrula-
tion defects were recovered at a ratio comparable to that of
the Smad2+/DC, in that out of the 25 such embryos
examined at E8.5–E10.5, 15 were Smad2+/DC;Smad3+/
and the other 10 were Smad2+/DC. This suggested that the
decreased expression of Smad3 did not have a major effect
on the frequency of Smad2-dependent gastrulation failure.
Some of the Smad2+/DC;Smad3+/ embryos examined at
E9.5 and E10.5 (N = 28) exhibited midline defects (Fig.
2A) and bore a close resemblance to the most mildly
affected class of FoxH1 mutant embryos (Hoodless et al.,
2001). In addition, abnormal heart looping and an enlarged
pericardiac cavity were often observed in this group of
embryos, which were likely the cause of early embryonic
lethality. The less affected mutants exhibited defects rang-
ing from holoprosencephaly (HPE) and cyclopia, such as
Y. Liu et al. / Developmental Biology 270 (2004) 411–426414the E12.5 embryo shown in Fig. 2B, to even milder
phenotypes, in which the eyes were moved ventrally and
the first branchial arch derivatives were reduced, but notdeleted altogether, an example of which is shown at E14.5
in Fig. 2C. None of these abnormalities were observed in
Smad2+/DC or Smad3+/ embryos (Table 1), indicating the
Table 1
Genotypic analysis of offspring resulting from crosses between Smad2+/DC
and Smad3+/ mice
Age wt Smad2+/DC Smad3+/ Smad2+/DC Smad3+/ rsa
E8.5 103 110 (4)b 109 103 (8)c (8)b 3
E9.5–10.5 103 98 (6)b 96 106 (19)c (28)d (7) b 2
E12.5 18 11 15 4 (1)c 6
E14.5–E16.5 25 12 24 5 (1)c 15
P21 86 55 79 1
a Resorbed embryos.
b Number of embryos exhibiting gastrulation defects.
c Number of embryos exhibiting craniofacial defects.
d Number of embryos exhibiting craniofacial and midline defects.
Y. Liu et al. / Developmental Biology 270 (2004) 411–426 415craniofacial and midline defects were the result of combined
Smad2 and Smad3 deficiency.
To determine the nature of the observed patterning
perturbations in Smad2+/DC;Smad3+/ mutant embryos,
marker analysis was carried out at E9.5, the earliest stage
at which obvious abnormalities can be observed. Fgf8
expression in Smad2+/DC;Smad3+/ embryos without pat-
terning defects was indistinguishable from that in Smad3+/,
Smad2+/DC, or wild-type siblings, while all of the phenotyp-
ically abnormal Smad2+/DC;Smad3+/ embryos displayed
perturbations in Fgf8 staining. In mildly affected mutants,
the expression of Fgf8 appeared normal in the isthmus
organizer, the pharyngeal region as well as other domains
in the posterior regions of the mutant embryos, but its
expression is completely lost in the telencephalic commis-
sural plate as well as the surface ectoderm covering the nasal
processes (Figs. 3A–C, and data not shown). Subsequent
sectioning of the embryos showed that in contrast to the
wild-type embryos, where the rostral end of the neural plate
directly contacted the surface ectoderm, the mutant neural
plate was separated from the surface ectoderm by cells that
appear mesenchymal in morphology (Figs. 3B and C, arrow
in C). These data support the notion that the rostral end of the
brain is the region that is most susceptible to patterning
defects in Smad2+/DC;Smad3+/ animals. Examination of
Fgf8 expression at E8.5 showed normal levels of Fgf8 in
Smad2+/DC;Smad3+/ mutants, suggesting that its loss was
of secondary consequence to other embryonic defects.
Next, Otx2 expression was examined to determine
whether there was loss of anterior cell fates in the severely
affected mutant brains. While the level of Otx2 expression
appeared normal in both forebrain and midbrain of theFig. 1. Smad2DC is a null allele of Smad2. (A) Wild-type Smad2 locus (top) and th
and black boxes represent Smad2 exons. White boxes represent exons of Smad2 de
in white at the top. Hind, HindIII; Bm, BamHI; Sal, SalI; RI, EcoRI. (B) Southern
flanking probe shown in A. Lane 1 is from cells in which the hygromycin vector h
generating a 6.5-kb mutant band in addition to the wt 8.0-kb band. Lane 2 is from
band. Lane 3 is from an ES line in which both alleles of Smad2 have been disrupted
protein labeled with anti-Smad2/3 antibody showed diminished levels of Smad2 in
cells (top). Nonspecific bands served as loading control (below). (D) Although 95
them showed severe defects of a tissue mass external to the yolk sac (right) at E9
(arrow). (F) Staining for Shh shows midline tissues (arrow) in the external embrymutants, the domain of expression was much reduced
(Fig. 3D). Notably, in contrast to the wild-type embryos,
which had contiguous Otx2 expression throughout its do-
main, there appeared to be a break in the staining at the
junction between the prosencephalon and metencephalon as
well as unstained tissue at the rostral end of the brain. This
is presumably due to ectopic mesenchymal cells such as
those seen in Fig. 3C. Like Fgf8, Otx2 expression in E8.5
Smad2+/DC;Smad3+/ mutants was normal, even in those
with craniofacial abnormalities.
The morphologically abnormal midline in some embryos
prompted us to examine midline cell fates. Both Foxa2
(Hnf3h) and Shh are expressed in the gut and embryonic
midline, and mutations of Shh result in HPE in humans
(Belloni et al., 1996; Chiang et al., 1996). Those Smad2+/DC;
Smad3+/ embryos that exhibited a mild craniofacial phe-
notype showed a loss of Shh expression in its most anterior
expression domain (arrow in Fig. 3E), suggesting defects in
the prechordal plate underlying the diencephalon. Mutants
displaying more severe midline defects exhibited a more
marked loss of Shh rostrally, together with overall reduction
in staining intensity throughout the Shh expression domain
(Fig. 3F). Smad2+/DC;Smad3+/ mutants that were pheno-
typically normal also exhibited normal labeling of Shh. It is
unlikely that reduction in Shh expression is the primary
cause of the observed defects, as there was no observable
perturbation of Shh expression in the E8.5 embryos exam-
ined (data not shown). Mutants with midline defects also
exhibited deficits in the expression of Foxa2, which was also
absent rostrally and reduced elsewhere compared to wild-
type siblings (Fig. 3G). These results confirmed that
Smad2+/DC;Smad3+/ embryos displaying anterior defects
also exhibited deficiencies in the embryonic midline, the
degree of which corresponded to the severity of the defects in
the mutants.
Compound haploinsufficiency of Smad2 and Smad3 results
in defects of the definitive endoderm
Notochord and endoderm are both anterior primitive
streak derivatives, and endodermal defects have been
correlated with anterior and midline defects in multiple
model systems. We therefore examined the endoderm in
Smad2+/DC;Smad3+/ embryos. Foxa2 is necessary for
endodermal specification (Dufort et al., 1998), and it hase Smad2DC alleles (middle and bottom). Black triangles represent loxP sites
leted in the Smad2DC mutation with the corresponding protein region shown
blot of ES cell DNAs digested with HindIII and SalI and probed with the
as targeted the Smad2DC allele, resulting in cells that are Smad2DChyg/+, and
Smad2+/DC cells that show a 4.5-kb mutant band in addition to the wt 8.0-kb
(Smad2DCHyg/DC) and the wt 8.5-kb band is lost. (C) Western blot of ES cell
Smad2+/DC (+/) cells and undetectable amounts in Smad2DC/DC (/) ES
% of the Smad2+/DC animals exhibited a wild-type phenotype (left), 5% of
.5. (E) Otx2 staining suggests that these external embryos have an anterior
os. em, embryo; ys, yolk sac. The scale bar in D equals 840 Am in D–F.
Fig. 2. Smad2+/DC;Smad3+/ embryos exhibit craniofacial defects. In each
case, the Smad2+/DC;Smad3+/ mutant is on the right, while a normal
sibling is shown on the left. (A) Severely affected mutant showing extreme
midline defects with growth retardation, defective heart formation (H),
irregular somites, and underdeveloped cephalic structures (arrow) at E9.5.
(B) Mutant with defects of lesser severity, including craniofacial defects
with cyclopia and proboscis (arrow) at E12.5. Note the reduced liver
(arrowhead). (C) Mutant embryo exhibiting milder defect in craniofacial
development (arrow) at E14.5. The arrowheads point to the liver, which is
reduced in the mutant. The scale bar in C equals 2 mm for A, and 4 mm
for B and C.
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in murine visceral endoderm (Brennan et al., 2001). There-
fore, the expression of Foxa2 was examined in Smad2+/DC;
Smad3+/, wild-type, Smad2+/DC, or Smad3+/ embryos at
E8.5 (just before the onset of the majority of the patterning
defects). Although the chordamesodermal and prechordal
plate staining appeared normal in Smad2+/DC;Smad3+/
embryos, endodermal staining was reduced in all of them
(Fig. 4A). Histological sections of whole-mount embryos
further illustrated this diminution of endodermal Foxa2expression. Wild-type embryos exhibited labeling of most
foregut cells (Fig. 4B), while Smad2+/DC; Smad3+/ em-
bryos showed significantly reduced expression in the fore-
gut, despite normal expression in the notochord and floor
plate of the neural tube (Fig. 4C).
The decrease of Foxa2 expression in Smad2+/DC;
Smad3+/ embryos suggested that Foxa2 might be a target
gene of Smad2 and Smad3 in the definitive endoderm. To
test this hypothesis, RNAs encoding either wild-type or
dominant-negative Smad2 were injected into the four veg-
etal blastomeres of eight cell stage Xenopus embryos, thus
targeting the endoderm and most of the mesoderm. Embryos
were allowed to develop into gastrulae, and Foxa2 expres-
sion was examined by real-time RT-PCR. The results shown
in Fig. 4D demonstrate that injection of wild-type Smad2
resulted in a 5-fold increase in Foxa2 levels, while injection
of the dominant-negative Smad2 resulted in slight decreases
in Foxa2. These data suggest that Foxa2 is responsive to
Smad2 signaling.
To further characterize the abnormalities of the foregut
endoderm, we examined Albumin, which is expressed in
foregut endoderm at E8.5 (Wells and Melton, 1999). How-
ever, the expression of Albumin was considerably reduced in
Smad2+/DC;Smad3+/ embryos (Fig. 4E, bottom). The fact
that decreased expression of an endodermal gene occurs at a
stage before the onset of any morphological defects suggests
that the abnormalities in the foregut endoderm specification
preceded and were possibly the cause of the later craniofa-
cial and midline phenotypes observed in Smad2+/DC;
Smad3+/ embryos.
Smad2+/DC;Smad3+/ embryos display multiple defects in
the specification of hepatogenic endoderm
The Smad2+/DC;Smad3+/ embryos exhibited liver hy-
poplasia, if they did not arrest at earlier stages. The mutant
liver suffered from abnormal cellular adhesion that could be
corrected by in vitro HGF administration (Weinstein et al.,
2001). Because the liver is derived from the endoderm, and
abnormal endoderm specification was observed in all of the
Smad2+/DC;Smad3+/ embryos, we examined the hepato-
genic endoderm in the mutant embryos. Hex is among the
earliest genes that are expressed in that part of the endoderm
that will later migrate into septum transversum mesenchyme
(STM) and give rise to hepatocytes, a major cell type in the
liver (Bogue et al., 2000). Mice lacking Hex exhibit abnor-
malities of both the head and the liver (Keng et al., 2000;
Martinez Barbera et al., 2000). E8.5 Smad2+/DC;Smad3+/
embryos and their littermates were labeled for Hex, which
was expressed in the hepatogenic endoderm of the wild-type
embryos (Fig. 5A). We found that Hex expression was
dramatically reduced in Smad2/3 double heterozygotes
(Fig. 5B).
The foregut pocket appeared grossly normal in
Smad2+/DC;Smad3+/ embryos, although the endoderm
was clearly abnormally specified. We considered the possi-
Fig. 3. Marker analysis of head and midline defects in Smad2+/DC;Smad3+/ embryos. Normal sibling controls are all shown on the left, while Smad2+/DC;
Smad3+/ mutants are on the right. All embryos are E9.5. (A) Fgf8 staining is seen in the frontonasal process of the wt embryo (arrow), but is missing in
the Smad2+/DC;Smad3+/ embryo. (B) Sagittal section of wt embryo after Fgf8 staining. (B) Neural epithelia directly contacts epidermal cells where Fgf8 is
expressed (arrow) in the frontal area of the wild-type embryos. (C) In mutant embryos, there are mesenchymal cells (arrow) separating epidermal and neural
epithelial cells. Note that Fgf8 expression is still present in the mutant isthmus. f, forebrain; m, midbrain; i, isthmus; h, heart. (D) Whole-mount staining for
Otx2. Note the reduction in the domain of Otx2 expression in the mutant. (E and F) Shh expression. Mildly affected Smad2+/DC;Smad3+/ embryos show
rostral-specific loss of Shh (arrow, E), while severely affected Smad2+/DC;Smad3+/ embryos exhibit more widespread loss of Shh (F). (G) Severely affected
mutants exhibit decreased expression of Foxa2. The scale bar in E equals 820
Y. Liu et al. / Developmental Biology 270 (2004) 411–426 417bility that the foregut was lined with visceral endoderm and
therefore probed E8.5 Smad2+/DC;Smad3+/ embryos and
their siblings for alpha-fetoprotein (Afp), which stains the
visceral endoderm and the parietal endoderm of the yolk sac
in normal embryos (Fig. 5C). Ectopic Afp-positive cells were
observed at the anterior intestinal portal in Smad2+/DC;
Smad3+/ embryos, occupying the space adjacent to the
heart where the endoderm will give rise to the hepatogenic
lineage in response to cardiac signals (Fig. 5D). This result
was seen in all of the Smad2+/DC;Smad3+/ embryos exam-
ined and suggested abnormal persistence and location of the
visceral endoderm. Although only some of the Smad2+/DC;
Smad3+/ embryos exhibited craniofacial or midline defects,
all of the Smad2+/DC;Smad3+/ embryos examined with
endodermal markers (N = 21) showed abnormal gene
expression.Endodermal defects in Smad2+/DC;Smad3+/ embryos lead
to hepatogenic failure
The presence of visceral endoderm adjacent to the heart
and the lack of Hex expression suggested the existence of
profound abnormalities in the hepatogenic endoderm. Al-
though the lack of Hex in Smad2+/DC;Smad3+/ embryos
may not have been cell autonomous, we felt that there
might still be a role for Smad2 and Smad3 in the regulation
of the Hex gene. Previously, Smad1 has been shown to
bind to the Hex promoter, but not Smad2 or Smad3 (Zhang
et al., 2002). However, Hex was expressed at comparable
levels in E9.5 wild-type and Smad1 homozygous liver buds
(Figs. 6A and B), suggesting that Smad1 alone does not
transactivate the Hex promoter. However, Hex expression
was sharply reduced in E9.5 Smad2+/DC;Smad3+/ embry-
Am for A, B, and C, and 1060 Am for D and E.
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than a delay in its development (Figs. 6C and D). The
Smad2+/DC;Smad3+/ embryos were sectioned along with
their normal counterparts to closely examine sites of Hex
expression. It was clear in the wild-type embryos that the
hepatogenic endoderm had already dilated and that Hex-
positive hepatocytic precursor cells were migrating into the
STM (Fig. 6E). However, Smad2+/DC;Smad3+/ mutants
appeared to suffer from a delay in hepatogenesis, as theFig. 5. Anterior ventral foregut defects in E8.5 Smad2+/DC;Smad3+/
embryos. (A and B) Hex expression is detected in the hepatogenic
endoderm of the wt embryos (A, arrow), but is decreased in Smad2+/DC;
Smad3+/ embryos (B, arrow). (C and D) Ventral view of wt (C) and
mutant (D) embryos within the yolk sac. Afp labels the visceral endoderm.
(C) The revolute anterior ventral endoderm displaced the visceral endoderm
in wt embryos, although sporadic Afp-positive visceral endodermal cells
can be seen dispersed in the triangle-shaped definitive endoderm. (D)
Definitive endoderm failed to displace visceral endoderm at the anterior
intestinal portal of Smad2+/DC;Smad3+/ embryos. The arrow points to the
involution of the foregut. The scale bar in D equals 420 Am for A and B,
and 270 Am for C and D.endoderm was not dilated. Although a few Hex-expressing
cells were evident, these did not appear to be undergoing
migration or hepatocytic development (Fig. 6F). The lack
of Hex expression in Smad2+/DC;Smad3+/ embryos may
not have been entirely cell autonomous. Hepatogenesis is
initiated under the control of cardiac mesoderm and STM,Fig. 4. Endodermal defects in E8.5 Smad2+/DC;Smad3+/ embryos. (A)
Foxa2 expression is seen in midline axial structures (ax), prechordal plate
(pr), and foregut endoderm (fe) of wild-type (top), but is reduced in the
foregut of the Smad2+/DC;Smad3+/ (bottom). Arrows point to the ventral
foregut. (B and C) Transverse sections of the embryos shown in A. While
there is no difference in Foxa2 expression of the mutant (C) and wt (B)
embryos in the floor plate (arrowhead), Foxa2 expression in the foregut
(arrow) was greatly reduced in the Smad2+/DC;Smad3+/ mutant. (D)
Injection of wild-type Smad2 (wt) can increase expression of Foxa2 in
Xenopus embryos over uninjected controls (uninj.), while injection of
dominant-negative Smad2 (S/A) can slightly inhibit Foxa2 expression. (E)
Albumin expression in the foregut endoderm was also reduced in
Smad2+/DC;Smad3+/ embryos (bottom) at E8.5 compared with a wild-
type sibling (top). The dashed lines in A indicate the plane of section in
B and C. The scale bar in E equals 500 Am for A and E, and 164 Am for
B and C.
Fig. 6. Lack of Hex expression in Smad2+/DC;Smad3+/ embryos. Embryos are shown at E9.5 (A and B). Wt (A) and Smad1 /  embryos (B) exhibited
indistinguishable Hex expression (arrows). Anterior is on the right. (C) Wt embryos showed abundant expression of Hex within the liver bud (arrow). (D)
Smad2+/DC;Smad3+/ siblings exhibit severely reduced Hex expression within the liver bud (arrow). Anterior is at the top. (E) Transverse section of the wt
embryo shown in C with the plane of section indicated by a dashed line. Hex-positive hepatogenic endoderm (arrow) has initiated dilation in advance of
hepatogenesis in the wt embryo. (F) Transverse section of the Smad2+/DC;Smad3+/ embryo in D. The dilation of the foregut is less obvious (arrow), a reduced
number of hepatogenic endodermal cells is seen, and they exhibit a reduced level of Hex expression. h, heart. The scale bar in F equals 430 Am for A, B, C, and
D, and 53 Am for E and F.
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gram the endoderm to assume a hepatogenic fate (reviewed
in Zaret, 2002). It is unlikely that the ectopic visceral
endoderm could respond to these hepatogenic signals or
contribute to the hepatocytic lineage.
Smad2+/DC;Smad3+/ embryos develop liver despite large
reductions in the hepatocytic lineage
The observation of early hepatogenic defects in
Smad2+/DC;Smad3+/ embryos is somewhat paradoxical
as Smad2+/DC;Smad3+/ embryos develop livers, albeit
abnormal ones. To further characterize this early defect,we examined the expression of Hnf4, which is required for
differentiation of the hepatocytic lineage, is expressed
during early stages of hepatogenesis (Li et al., 2000),
and for which the protein product physically interacts with
Smad3 and Smad4 (Chou et al., 2003). Hnf4 expression
was evident in the liver bud in E9.5 embryos (Fig. 7A),
and like Hex, was expressed in cells migrating out of the
endoderm into the STM (Fig. 7C). Hnf4 was expressed in
the endoderm of Smad2+/DC;Smad3+/ embryos at reduced
levels, and Hnf4-positive cells were not seen migrating
into the STM (Figs. 7B and D).
The lack of endodermal migration and hepatocytic
differentiation could have been indicative of a delay or
Fig. 7. Smad2+/DC;Smad3+/ mutants showed defects in hepatoblast migration. (A) Normal sibling E9.5 embryos exhibit Hnf4 staining within the liver bud
(arrow). (B) In Smad2+/DC;Smad3+/ mutants, Hnf4 staining is severely reduced (arrow). (C) Transverse section through the wt embryo in A; the plane of
section is illustrated with a dashed line in A. Hnf4 + hepatoblasts (arrow) are seen delaminating from the ventral foregut and migrating into the STM. (D)
Transverse section of the embryo in B. The Hnf4 + domain of the foregut exhibits a slight dilation, but no migration of Hnf4 + endodermal cells is seen. (E) Afp
staining of E10.5 sibling embryos illustrates numerous cells of the hepatogenic lineage within the developing liver (arrow). (F) Smad2+/DC;Smad3+/ mutants
exhibit much less staining with Afp. (G) Section of the embryo shown in E. Afp + cells (arrow) are seen throughout the embryonic liver. (H) Section of the
Smad2+/DC;Smad3+/ embryo shown in F. Fewer Afp + cells (arrow) are seen in the liver despite its normal morphology. h, heart; l, liver. The scale bar in H
equals 380 Am for A and B, 58 Am for C and D, 820 Am for E and F, and 280 Am for G and H.
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two possibilities, E10.5 Smad2+/DC;Smad3+/ and sibling
embryos were examined for the expression of Afp, an early
marker of the hepatocytic lineage (Liu et al., 1988).
Chords of hepatocytes were observed to express Afp and
populate the liver bud in the sibling control embryos (Figs.
7E and G). These cells were not absent in Smad2+/DC;
Smad3+/ embryos, but their number was sharply reduced
(Figs. 7F and H). These results were confirmed by
examination of Hex expression in E10.5 embryos. Cells
expressing Hex could be seen throughout the liver bud in
normal embryos (Fig. 8A), and these cells were seen to
populate the liver parenchyma in histological sections (Fig.
8C). Smad2+/DC;Smad3+/ embryos exhibited a reduced
number of Hex-positive cells (Fig. 8B) although the lobes
of the liver are clearly discernable in histological sections
(Fig. 8D). Although some of these Hex-expressing cells
had migrated out of the endoderm, they did not appear to
be as numerous within the liver parenchyma as in the
normal embryo (Fig. 8D). From these data, we concluded
that the hepatocytic differentiation program was both
delayed and attenuated in Smad2+/DC;Smad3+/ mutants.
It is interesting that Hex expression in the thyroid was also
reduced in Smad2+/DC;Smad3+/ mutants compared to wt
(Figs. 8E and F), further suggesting control of Hex
expression by Smad2 and Smad3. In addition, the
Smad2+/DC;Smad3+/ mutant exhibited ectopic Hex+ cellsnear the ventral floor of the oropharynx (Fig. 8F, arrow-
head). These may be thyroid precursors that have failed to
complete their migration to the thyroid. A similar pheno-
type has been seen in mutants lacking Titf2 (De Felice
et al., 1998).
Variable penetrance of phenotypes in Smad2+/DC;Smad3+/
embryos
The wide variations in the phenotypes seen in Smad2+/DC;
Smad3+/ embryos prompted us to examine the cause.
Although levels of Smad2 and Smad3 are reduced in these
mutants by one-half (Weinstein et al., 2001), it is possible
that levels of phospho-Smad2 or phospho-Smad3 are altered
to a greater extent. To examine this possibility, Western blots
of tissues derived from both normal and holoprosencephalic
E9.5 Smad2+/DC;Smad3+/ mutants were probed with a
phospho-Smad2 antibody. We were unable to detect consis-
tent differences between those Smad2+/DC; Smad3+/
mutants that exhibited craniofacial defects and those that
did not, suggesting that varying levels of phospho-Smad2
were not the cause the observed phenotypic variability (data
not shown).
Another possibility underlying the variation in pheno-
typic abnormalities would be modifier genes within the
strain background, which could vary between individuals.
To test this hypothesis, Smad2 and Smad3 mutant alleles
Fig. 8. Decreased Hex expression may cause liver and thyroid defects in Smad2+/DC;Smad3+/ embryos. (A) Hex stains the liver (arrowhead) and thyroid
(arrow) of E10.5 embryos. (B) Smad2+/DC;Smad3+/ embryos exhibit reduced Hex staining of both the liver and the thyroid. (C) Transverse section of the
embryo in Awith the place of section indicated by a dashed line. The wt foregut does not exhibit Hex staining (arrowhead), and numerous Hex+ cells are seen
within the developing lobes of the liver (white arrow). (D) The Smad2+/DC;Smad3+/ mutant exhibits a severe decrease in the number of Hex+ cells in the liver
(white arrow), although it contains Hex+ cells both migratory (arrow) and in the gut (arrowhead), suggesting delayed hepatic migration. (E and F) Transverse
sections of embryos through the thyroid primordia after Hex staining. The plane of section in E and F is parallel to that in C and D, but is anterior and runs
through the thyroid primordium (arrows in A and B). (E) The control embryo shows a normal thyroid (arrow). (F) The Smad2+/DC;Smad3+/ embryo exhibits a
reduced thyroid (arrow) and ectopic Hex+ cells adjacent to the pharynx (arrowhead). ph, pharynx. The scale bar in F equals 630 Am for A and B, 130 Am for C
and D, and 140 Am for E and F.
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E10.5 embryos examined for crosses of Smad2+/DC and
Smad3+/ mice on the A/J strain background, we re-
covered three Smad2+/DC;Smad3+/ embryos (Table 2) that
failed to exhibit either craniofacial or liver defects, the
latter judged by staining with Afp. This prompted us to
examine animals at postnatal stages, as roughly half of theTable 2
Genotypic analysis of offspring resulting from crosses between A/J
Smad2+/DC and A/J Smad3+/ mice
Age wt Smad2+/DC Smad3+/ Smad2+/DC Smad3+/ rsa
E10.5 6 4 3 3 (0)b 0
P21 8 9 7 3 (0)b n/a
a Resorbed embryos.
b Number of embryos or animals exhibiting craniofacial or midline defects.Smad2+/DC;Smad3+/ embryos died of liver defects with-
out accompanying craniofacial abnormalities (Weinstein et
al., 2001). Unexpectedly, these crosses resulted in the birth
of three Smad2+/DC;Smad3+/ mice (Table 2) that are 1
month of age as of this writing showing no observable
abnormalities. Although we were able to recover occa-
sional Smad2+/DC;Smad3+/ mice at weaning on a mixed
129Svev/NIHBlack Swiss background (Table 1), their
occurrence was rare, none passed both Smad2 and Smad3
alleles through the germ-line, and most perished shortly
after weaning (Weinstein et al., 2001 and data not shown).
These data suggest that modifier loci within the strain
background can affect the penetrance of Smad2 and Smad3
mutations on liver development. Further analysis will be
needed to determine the effect of strain background on
Smad2 and Smad3 functions in craniofacial and midline
patterning.
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The Smad2DC allele results in a null mutation of Smad2
A number of groups have reported mutations at the
Smad2 locus that have produced different phenotypic ab-
normalities in homozygous embryos. Defects of the extra-
embryonic ectoderm and endoderm, which were seen in
Smad2DC/DC mutant embryos, have been reported by some
groups (Hamamoto et al., 2002; Nomura and Li, 1998;
Weinstein et al., 1998), while others observe a defect in the
anterior–posterior axis resulting in a loss of epiblast cell
fates (Heyer et al., 1999; Waldrip et al., 1998). In this report,
we have generated ES cells that are homozygous for the
Smad2DC mutation to determine if protein is produced.
Western analysis suggests that Smad2 protein is absent in
these cells, including any possible truncated product. Given
that the phenotype seen in Smad2DC/DC mutants was more
severe than that seen in other studies, we were concerned
that the Smad2DC allele could create a dominant negative
mutation that would inactivate other Smad proteins and
exacerbate the phenotypic abnormalities seen in homozy-
gous mutants. However, overexpression of a similar
Smad2D9,10 mutant RNA in Xenopus laevis embryos does
not cause any observable defects, although a dominant-
negative Smad2 allele recapitulates previously observed
phenotypes in Xenopus (Liu et al., submitted for publica-
tion). The Smad2D9,10 allele phenocopies the Smad2DC
mutant (Liu et al., submitted for publication), suggesting
that both alleles are indeed null.
A haploinsufficiency phenotype has been reported for
some Smad2 mutant alleles (Hamamoto et al., 2002;
Nomura and Li, 1998), and in recent crosses we are able
to detect gastrulation defects in roughly 6% of all the
embryos examined with a Smad2DC allele, and did not
appear to be dramatically exacerbated in the absence of a
Smad3 allele. It is possible that these were not seen in our
original report due to some alteration in the strain back-
ground. Although we have observed Smad2+/DC;Smad3+/
embryos with craniofacial abnormalities, we did not detect
the reported craniofacial abnormalities seen in Smad2+/
embryos (Nomura and Li, 1998). However, most of our
analysis was focused on embryonic stages in which a milder
craniofacial defect could have remained undetected.
Anterior development in Smad2+/DC;Smad3+/ embryos
Nodal signaling is required for anterior development. One
way to address the requirement for graded Nodal signaling in
these processes is the attenuation of Smad2 or Smad3,
effectors of the Nodal signaling pathway. A previous report
showed that deletion of Smad2 in epiblast tissues resulted in
defects in the specification of endoderm and axial mesendo-
derm, which together led to craniofacial and midline defects.
They showed further that these defects were intensified in the
presence of Smad3 mutations (Vincent et al., 2003). Here weadopt a strategy to delete one allele each of Smad2 and
Smad3, expecting to maintain higher Nodal activity, thus
addressing which of the anterior primitive streak derivatives
is more susceptible to the reduction of Nodal signaling. Our
results show that the specification of anterior endoderm is
affected in all of the double heterozygous embryos, suggest-
ing that it is the specification of anterior definitive endoderm
that requires the highest level of Nodal signaling. Notably, we
observed a few Smad2+/DC;Smad3+/ embryos that display
craniofacial or midline defects as early as E8.5, a phenotype
quite similar to that upon epiblast-specific deletion of Smad2.
However, these account for a minority of the abnormal
Smad2+/DC;Smad3+/ embryos, suggesting that migration
or specification of axial mesendoderm is not the cause of
the abnormalities seen in the majority of the Smad2+/DC;
Smad3+/ embryos.
Results from several studies indicate that induction of
anterior cell fates in vertebrates requires the node, an
organizing center homologous in function to the Spemann
organizer of amphibian embryos. In addition, a head induc-
tion center is required which in mammals is an extraembry-
onic region, the anterior visceral endoderm (AVE, reviewed
in Beddington and Robertson, 1998; Perea-Gomez et al.,
2001). Alterations that affect the AVE can interfere with
anterior patterning, and Smad2 itself is required in the
visceral endoderm for anterior specification (Waldrip et
al., 1998). However, it is unlikely that the phenotype seen
in Smad2+/DC;Smad3+/ embryos is a result of abnormal
AVE function because Smad3 is not expressed in the
visceral endoderm (Tremblay et al., 2000), and epiblast-
specific deletion of Smad2 causes anterior defects (Vincent
et al., 2003). Indeed, in a majority of Smad2+/DC;Smad3+/
embryos, anterior patterning is largely normal until somito-
genesis is well underway. Accordingly, E8.5 Smad2+/DC;
Smad3+/ embryos failed to reveal any diminution of Otx2,
En1, Fgf8, or Six3 levels, even in embryos exhibiting mild
craniofacial defects (data not shown), despite the changes in
endodermal gene expression. In addition, Foxa2 expression
in the axial mesendoderm of Smad2+/DC;Smad3+/ embryos
was normal at E8.5 while endodermal staining was demon-
strably reduced.
Anterior defects have been seen in the absence of
members of the TGF-beta signal transduction pathway,
including mutants of Nodal (Lowe et al., 2001), FoxH1
(Hoodless et al., 2001), and Smad2 (Heyer et al., 1999). In
addition, embryos lacking one allele of Nodal and one of
Smad2 or both alleles of the Activin Receptor IIA exhibit
similar defects to those seen in Smad2+/DC;Smad3+/ em-
bryos (Nomura and Li, 1998; Song et al., 1999). However,
in Smad2+/DC;Smad3+/ mutants, the morphogenic move-
ments that form the foregut are largely normal, whereas in
other cases, foregut formation is visibly perturbed (Hoodless
et al., 2001; Lowe et al., 2001). It is therefore likely that in
several previous cases the craniofacial abnormalities ob-
served may not be entirely due to defects in the definitive
endoderm.
Fig. 9. Model of Smad2 and Smad3 functions during endodermal
development.
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primary defect would appear to be abnormalities in the
endodermal compartment, as they precede any other mor-
phological disturbances. The endoderm is demonstrably
abnormal as it lacks a normal complement of endodermally
expressed genes and fails to displace visceral endoderm at
the most anterior region as evidenced by the expression of
visceral endoderm markers in the anterior intestinal portal.
These endodermal defects likely result in an abnormal
midline and then anterior patterning later in embryogenesis.
It is still possible that unseen defects exist elsewhere in the
embryo, requiring the use of conditional mutagenesis to
concretely demonstrate the importance of the endoderm in
midline patterning.
TGF-beta signaling is essential for endodermal
specification
Nodal signaling is also essential for endodermal devel-
opment. Expression of a Nodal antagonist such as Antivin
results in a failure of endodermal specification in zebrafish
(Meno et al., 1999). Increased TGF-beta signaling through
the forced expression of an activated TGF-beta receptor is
sufficient to endodermalize zebrafish embryos, further
underlining the importance of TGF-beta signaling to endo-
dermal development (Alexander and Stainier, 1999). A
chimeric analysis, in which ES cells with disruptions in
both Smad2 alleles were injected into wild-type blastocysts,
suggested that Smad2 was indispensable for hindgut forma-
tion, as the cells did not contribute to this tissue (Tremblay
et al., 2000). However, foregut formation was unaffected,
because Smad2 mutant ES cells could contribute to the
foregut with no observable adverse consequences (Tremblay
et al., 2000). FoxH1 mutant embryos also exhibit defects in
endodermal formation, with the hindgut apparently more
sensitive to the loss of FoxH1 than the foregut (Hoodless et
al., 2001). Our data show that foregut endoderm appears
considerably more sensitive to the reduction of Smad2 and
Smad3 than formation of the hindgut as we are able to
derive holoprosencephalic animals with normal hindgut
derivatives. It is quite possible that the requirement for
Smad3 is more pronounced in the foregut, and that Smad2
and Smad3 have some functions in the foregut endoderm
that are independent from FoxH1, possibly due to different
cofactors.
Smad2 and Smad3 are required for hepatogenic competence
of the foregut endoderm
We have also shown in this study that Smad2+/DC;
Smad3+/ embryos develop liver defects because of de-
fective endodermal competence. The expression of Hex, a
gene needed for hepatogenic development, is greatly
reduced in all of the Smad2+/DC;Smad3+/ embryos and
results in a severe decrease in the hepatocytic lineage. The
defects in Smad2+/DC;Smad3+/ embryos are milder thanthose observed in the total absence of Hex, of which liver
development is completely abrogated (Martinez Barbera et
al., 2000). In Smad2+/DC;Smad3+/ embryos, the liver bud
forms even with a greatly reduced number of hepatoblasts,
and the liver grows although at a slower rate (Weinstein et
al., 2001). Endodermal hepatogenic precursors are delayed
in their exit of the gut primordium and subsequent migra-
tion into the septum transversum. An RT-PCR analysis of
E13.5 Smad2+/DC;Smad3+/ livers failed to reveal expres-
sion of a panel of hepatocytic genes (data not shown),
further suggesting the absence of the hepatocytic lineage in
Smad2+/DC;Smad3+/ mutants. It is interesting that hepato-
genesis can proceed despite the severe reductions seen in
the number of hepatocytic cells.
Our model for the effects of Smad2 and Smad3 on Hex
expression involves both direct and indirect mechanisms as
shown in Fig. 9. First, Hex expression from the hepatogenic
endoderm is lost due to an indirect mechanism. The defin-
itive endoderm fails to cover the heart in Smad2+/DC;
Smad3+/ embryos and is therefore unavailable to receive
hepatic-inductive signals. This defect appears to be due to a
failure in endodermal migration, as BrdU analysis has
suggested that the proliferation of the mutant foregut endo-
derm is normal (data not shown).
Second,Hex expression from the hepatogenic endoderm is
lost due to a direct mechanism. Smad2 and Smad3 likely
transactivate the Hex promoter directly. Hex is a Nodal target
gene in X. laevis (Zorn et al., 1999), and the murine Hex
promoter has Smad-binding sites (Zhang et al., 2002). Further
evidence for the regulation of Hex by Smad2 and Smad3
comes from reduced expression in the developing thyroid.
Although we cannot rule out generalized defects of the
foregut endoderm as being the cause of diminished thyroid
Hex expression, it is noteworthy that the lungs in Smad2+/DC;
Smad3+/ embryos, which are not dependent on Hex expres-
sion, develop normally although they are a foregut derivative
(data not shown).
Finally, Smad2 and Smad3 control the expression of
Foxa2. In our model, Foxa2 then regulates Hex expression,
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(Denson et al., 2000). It is likely that the reductions in
Foxa2 contribute heavily to the endodermal defects seen in
Smad2+/DC;Smad3+/ embryos. Disruption of Foxa2 in
mice leads to failure in endodermal specification (Ang and
Rossant, 1994), while overexpression of Foxa2 in ES cells
can drive their endodermal development (Levinson-Dushnik
and Benvenisty, 1997). Chimeric animals made from wild-
type tetraploid cells and Foxa2 mutant ES cells failed to
differentiate the endoderm and exhibited ectopic visceral
endoderm within the gut, similar to Smad2+/DC;Smad3+/
embryos (Dufort et al., 1998). Foxa2 is one of the earliest
proteins to bind to the albumin promoter, where it interacts
with histones to facilitate opening of chromatin to a more
transcriptionally active state (Cirillo et al., 2002). The
expression of Foxa2 in Smad2+/DC;Smad3+/ mutants is
variable, in that some mutants have severe reductions in its
endodermal expression, while other mutants are less per-
turbed. Those with more severe losses of Foxa2 expression
will likely continue in development and become holopro-
sencephalic. Those with less severe reductions in Foxa2 will
probably not suffer craniofacial abnormalities at all. How-
ever, they will go on to exhibit liver defects, as Smad2 and
Smad3 have multiple channels through which they can
modulate Hex expression. Our results show that injecting
Smad2 RNA into Xenopus embryos is sufficient to increase
expression of Foxa2, and dominant-negative Smad2 genes
can reduce expression of Foxa2, albeit only mildly. How-
ever, it is not clear at this time whether Smad2 or Smad3 can
bind directly to the Foxa2 promoter, or whether their effects
on Foxa2 expression are mediated indirectly. It is possible
that Smad2 and Smad3 regulate the expression of Foxa2
directly, as there are numerous Smad-binding elements
within the Foxa2 promoter (data not shown). In addition,
XFKH1, a close Foxa2 homolog in Xenopus, is directly
activated by Smad2 in response to activin (Howell and Hill,
1997). On the contrary, it is also possible that the increases
in Foxa2 expression seen in our Xenopus experiments were
due to secondary effects, such as increases in endodermal
tissue. Other lines of evidence link Nodal and Foxa2,
including the fact that Foxa2 functions synergistically with
Nodal during murine left–right axis determination (Col-
lignon et al., 1996) and craniofacial development (Varlet et
al., 1997). Furthermore, expression of Foxa2 can rescue
floor plate defects in Oep mutant embryos (Rastegar et al.,
2002), suggesting that Foxa2 is a Nodal target. However,
the regulatory elements controlling Foxa2 expression within
the endoderm are at present unclear.
In summary, our data suggest that Smad2 and Smad3
function in the endoderm to generate signals that pattern the
mammalian anterior and that Smad signaling is required for
the hepatogenic competence of the foregut endoderm.
Further work will be needed to demonstrate which mole-
cules are required for both patterning events, and on which
cells they exert their functions. Conditional knockouts of the
Smad genes and the appropriate Cre driver strains will nodoubt be invaluable in discovering how these developmental
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